compounds (organic compounds except for carboxylic acids) were oxidized, 70% was apparently removed as carbon dioxide and 30% was accumulated as carboxylic acids. A portion of biodegradable organic compounds to whole organic compounds was enhanced as shown by the increase ratio of BOD/COD Cr .
The applicability of a sequential process of ozonation and ozone/hydrogen peroxide process for the removal of soluble organic compounds from a pre-coagulated municipal sewage was examined. 6-25% of initial T-COD Cr was removed at the early stage of ozonation before the ratio of consumed ozone to removed T-COD Cr dramatically increased. Until dissolved ozone was detected, 0.3 mgO 3 /mgTOC 0 (Initial TOC) of ozone was consumed. When an ozone/ hydrogen peroxide process was applied, additional COD Cr was removed. And we elucidated that two following findings are important for the better performance of ozone/hydrogen peroxide process; those are to remove readily reactive organic compounds with ozone before the application of ozone/hydrogen peroxide process and to avoid the excess addition of hydrogen peroxide. Based on these two findings, we proposed a sequential process of ozonation and multistage ozone/hydrogen peroxide process and the appropriate addition of hydrogen peroxide. T-COD Cr , TOC and ATU-BOD 5 were reduced to less than 7 mg/L, 6 mgC/L and 5 mg/L, respectively after total treatment time of 79 min. Furthermore, we discussed the transformation of organic compounds and the removal of organic compounds. The removal amount of COD Cr and UV 254 had good linear relationship until the removal amounts of COD Cr and UV 254 were 30 mg/L and 0.11 cm À1 , respectively. Therefore UV 254 would be useful for an indicator for COD Cr removal at the beginning of the treatment. The accumulation of carboxylic acids (formic acid, acetic acid and oxalic acid) was observed. The ratio of carbon concentration of carboxylic acids to TOC remaining was getting higher and reached around 0.5 finally. Removal of TOC was observed with the accumulation of carboxylic acids. When unknown organic
INTRODUCTION
Ozonation is one of the promising technologies to remove organic pollutants, oxidize organic and inorganic compounds, and to disinfect pathogenic micro organisms in water and wastewater treatment. Ozonation of secondary effluent was examined with an aim at removing COD Cr . In published research, about 20 to 30% of initial COD Cr was removed rapidly at the beginning of ozonation and then the efficiency was remarkably decreased (Goda et al., 1974; Tsuno, 1975a, 1975b; Paraskeva et al., 1998) . Removal rate of COD Cr at the latter stage of ozonation was slowed down to the range from 1/30 to 1/10 of that at the beginning of ozonation (Goda et al., 1974; Somiya and Tsuno, 1975a) . The amount of ozone required to remove COD Cr was in the range from 1 to 3 mgO 3 / mgCOD Cr (Goda et al., 1974; Somiya and Tsuno, 1975a; Somiya and Tsuno, 1975b; Paraskeva et al., 1998) . Different from COD Cr , TOC was not reduced, namely mineralization was not evident (Paraskeva et al., 1998) . Shishida et al. (1999) examined the applicability of an ozone/hydrogen peroxide process (O 3 /H 2 O 2 ) to remove TOC in secondary effluent after sand filtration. They showed that TOC was removed from 5 mgC/L to less than 2 mgC/L. Yamada and Somiya (1980) , and Kosaka et al. (2001) reported that acetic acid was formed during ozonation as well as O 3 /H 2 O 2 of secondary effluent, respectively. Beltra˜n et al. (1997) studied ozonation and O 3 /H 2 O 2 of the primary effluent of sewage. In the case of ozonation, about 20% of initial COD Cr was removed rapidly at the beginning of ozonation and then the efficiency was remarkably decreased. The amount of ozone required for the removal of COD Cr was in the range from 1 to 2 mgO 3 /mgCOD Cr . And it was reported that O 3 /H 2 O 2 did not improve the removal efficiency of COD compared to ozonation. Up to now, appropriate processes and/or operational parameters of ozonation and/or O 3 /H 2 O 2 for the effective removal of organic pollutants from primary effluent, and the transformation property of organic pollutants have not been discussed. They may have come from a lack of attraction of ozonation due to the following reasons: biological treatment processes such as the activated sludge process have been widely accepted and they have been operated well to a certain extent; ozonation itself was an expensive treatment process from the aspects of initial cost as well as operational cost, namely the price of ozone generators was high and ozone generators consumed much electricity; ozone generators were not able to produce enough amount and concentration of ozone applicable to highly organicpolluted water, and proper ozone dissolution systems were not available.
However, they are not the case today. Because of the improvements of ozone generators, the price of ozone generators has become lower and lower, they can produce larger amount and higher concentration of ozone gas and they are no longer energy-consuming equipment. And the activated sludge process has a problem of the production of excess sludge. With the advance of ozone generators and dissolution systems, the applicability of ozonation and/or O 3 /H 2 O 2 for the removal of highly organicpolluted water must be studied.
The purpose of this study is to examine the applicability of ozonation and/or O 3 /H 2 O 2 for the removal of organic compounds from a pre-coagulated municipal sewage. This study shows to what extent organic compounds are removed by ozonation and/or O 3 /H 2 O 2 and whether it is practically accepted. By the research, the applicability of ozonation and/or O 3 /H 2 O 2 not only as an alternative process of activated sludge process but also for the removal of highly organic-polluted water without the production of excess sludge will be discussed. Finally, we propose a sequential ozonation and multi-stage O 3 /H 2 O 2 as an appropriate process with appropriate operational parameters. The transformation property and the removal characteristics of organic compounds during ozonation and O 3 /H 2 O 2 are evaluated as well.
MATERIALS AND METHODS

Experimental Setup
A schematic diagram of the experimental setup is shown in Figure 1 . All components of experimental apparatus that contacts with ozone gas or ozonated water were composed of glass or Teflon . All ozonation experiments were conducted with a semi-batch type reactor. The inner diameter and the effective height of the reactor were 5 cm and 15 cm, respectively, and hence the effective volume was 300 mL. The reactor was filled with water sample first and then ozone gas was continuously fed to the reactor through a diffuser, which was set at the bottom of the reactor, during a given treatment time. Ozone which was produced by a PSA ozone generator (SGA-01A-PSA4, Sumitomo Precision Product Co., Ltd., Hyogo, Japan) was passed through a phosphorus buffer solution to remove NOx before introduced into the reactor.
Gas flow rate was adjusted through a flow meter (Kofloc, Kyoto, Japan). Feed gas concentration was monitored continuously by an ozone monitor (EG-600, Ebara Jitugyo Co., Ltd., Tokyo, Japan) and exhaust gas from the reactor was absorbed by KI solution which was subsequently titrated by thiosulfate to evaluate the mass of exhaust ozone gas for each experiment. Dissolved ozone in the reactor was determined by the indigo method. Ozone consumption was evaluated based on the mass of input ozone gas, exhaust ozone gas and dissolved ozone concentration. All experiments were carried out under a constant temperature of 20 o C. 
Water Sample
The water sample tested was collected from a municipal wastewater treatment plant in Japan. Raw sewage collected was coagulated and settled to remove SS before ozonation and O 3 /H 2 O 2 . Every time raw sewage was collected, a jar test was conducted to determine the optimum conditions to remove SS as much as possible. Then the raw sewage was pre-treated by pre-coagulation and sedimentation under the optimum conditions. Water quality of the raw sewage and that after coagulation and sedimentation, as well as the condition of pretreatment, coagulation and sedimentation, are shown in Table 1 . The concentrations of SS, T-COD Cr , ATU-BOD 5 , UV 254 and TOC in the raw sewage were in the range of 103-230 mg/L, 240-560 mg/L, 81-203 mg/L, 0.286-0.677 (1/cm) and 86-168 mgC/L, respectively. NOx was seldom detected. After coagulation and sedimentation, the concentrations of SS, T-COD Cr , ATU-BOD 5 , UV 254 and TOC were in the range of 1-9 mg/L, 58-103 mg/L, 22-32 mg/L, 0.138-0.257 (1/cm) and 21-29 mgC/L, respectively. Because SS concentrations were decreased to less than 10 mg/L after coagulation and sedimentation, ozonation and O 3 /H 2 O 2 were considered to be carried out to remove soluble organic compounds.
Ozonation Condition
In ozonation experiments, the range of the concentration and the flow rate of supplied ozone gas were in the range of 25-100 mg/L and 50-200 mL/min., respectively. When O 3 /H 2 O 2 was applied, the concentration of hydrogen peroxide was set at up to 50 mg/L. Detail ozonation conditions are shown in Table 2 . As for Run 6, a sequential process of ozonation and multi-stage O 3 /H 2 O 2 was examined. Detailed information is shown later.
In order to obtain the treated water sample after a given treatment time in each series of experimental conditions, a semi-batch experiment was repeated for each sample for a given treatment time independently. This is for the proper collection of exhaust ozone gas including the gas in head space of the reactor and for avoiding the misestimation of ozone mass balance due to the lag time 50 50 50 5-1-1 50 50 0 5-1-2 50 50 3 5-1-3 50 50 5 5-2-1 50 100 0 5-2-2 50 100 3 5-2-3 50 100 10 5-3-1 100 50 0 5-3-2 100 50 3 5-3-3 100 50 10 6-1 50 50 0 7 min. · 1 stage 2 15 min. · 2 stages 6-2 50 100 0 4 min. · 1 stage 5 15 min. · 5 stages 6-3 100 50 0 4 min. · 1 stage 5 15 min. · 5 stages of exhaust ozone gas. Special attention was paid to keep the water sample uniform before experiment.
ANALYTICAL METHODS
Analytical methods and instruments for the measurement of water quality items, ozone and hydrogen peroxide are summarized in Table 3 . Standard Methods (1998) was mainly followed for the conventional analysis. The operating conditions of the ion chromatographic method are shown in Table 4 . The analysis of hydrogen peroxide with DMP method is available in Baga et al. (1988) and Kosaka et al. (1998) .
RESULTS AND DISCUSSION
Decay Profiles of Organic Compounds
The decay profiles of T-COD Cr and TOC as a function of experimental time during ozonation and/or O 3 /H 2 O 2 in Run 4 are shown in Figure 2 as an example. T-COD Cr was removed at the beginning of ozonation and then its removal rate slowed remarkably. This phenomenon is similar to that of secondary effluent (Goda et al., 1974; Tsuno, 1975a, 1975b) . The removal ratio of T-COD Cr at the early stage before the ratio of consumed ozone to removed T-COD Cr dramatically increased, was in the range of 6-25% in all of the ozonation. During this period, TOC was seldom removed. Until 120 min. of ozonation was carried out in Run 4-1, the concentrations of T-COD Cr and TOC were reduced from 71 mg/L to 37 mg/L and from 24 mgC/L to 19 mgC/L, respectively, although the removal rate of T-COD Cr and TOC was decreasing with time.
When hydrogen peroxide was applied, namely O 3 /H 2 O 2 was carried out, the removal efficiency of T-COD Cr and TOC was enhanced due to the accelerated production of hydroxyl radical which has a high potential to mineralize organic compounds. The concentrations of T-COD Cr were 28 mg/L after 120 min. in Run 4-2, and 26 mg/L and This is due to the competitive reaction between reactive organic compounds and hydrogen peroxide to ozone. Because of the high reactivity of some portion of organic compounds with ozone, hydrogen peroxide could not react with ozone to produce the hydroxyl radical. Consequently the effect of addition of hydrogen peroxide was not observed at the beginning of ozonation. It should be noted that organic compounds which react with ozone quickly must first be removed to obtain good performance of O 3 /H 2 O 2 .
Furthermore, although the mass of T-COD Cr removed was most in Run 4-4, the equivalent efficiency to the addition of hydrogen peroxide (50 mg/L) did not seem to be attained. Radical chain reaction is actually accelerated by adding hydrogen peroxide, but hydrogen peroxide plays a role of a scavenger for hydroxyl radical as well. Consequently the radical chain reaction is inhibited by hydrogen peroxide when its concentration is too high. This is the second confirmation that the excess addition of hydrogen peroxide must be avoided for the good performance of O 3 /H 2 O 2 .
Dissolved Ozone Concentration During Ozonation
A profile of dissolved ozone concentration during ozonation which is evaluated as a function of ozone consumption/TOC 0 (initial TOC) is shown in Figure 3 . This figure shows that dissolved ozone was not detected before the ratio of ozone consumption/TOC 0 reached around 0.3 mgO 3 /mgC. This ozone consumption of 0.3 mgO 3 /mgC corresponds to that of the period when organic compounds and hydrogen peroxide are competitive to ozone. We expect that good performance of O 3 /H 2 O 2 would be obtained after this amount of ozone is applied to sewage. 
Efficiency of Ozone/Hydrogen Peroxide Process
The removal amounts of COD Cr and TOC as a function of the consumption of hydrogen peroxide were evaluated in Figure 4 to examine the efficiency of O 3 /H 2 O 2 . In the period when O 3 /H 2 O 2 works fairly well except for Run 4-3 and 4-4, the values of 3.8 mgCOD Cr /mgH 2 O 2 and 1.2 mgTOC/ mgH 2 O 2 were attained for the removal of COD Cr and TOC, respectively. But as mentioned above, the removal efficiency of organic compounds in Run 4-3 (TOC) and 4-4 (COD Cr and TOC) was not as good as others.
In order to evaluate the appropriate hydrogen peroxide concentration, we calculated it under the following assumptions; (1) hydrogen peroxide plays a good role when the concentration of hydrogen peroxide is lower than M app mg/L, and (2) the efficiency of O 3 /H 2 O 2 is reduced to (<1) when the concentration of hydrogen peroxide is higher than M app mg/L. The evaluation concept of appropriate hydrogen peroxide concentration is illustrated in Figure 5 . Namely M app and in Run 4 were calculated by the following equation with the data of Run 4-3 and 4-4.
Removal amount of TOC by the addition of hydrogen
where: X TOC :
removal efficiency ratio of TOC to hydrogen peroxide (mgC/mgH 2 O 2 ) M app : maximum concentration of hydrogen peroxide which is appropriate for the removal of organic compound (mgH 2 O 2 /L) M:
concentration of hydrogen peroxide which is higher than M app (mgH 2 O 2 /L ) M rem : concentration of hydrogen peroxide which is remaining in water (mg H 2 O 2 /L ) :
reduced factor (À)
Here, the value of X TOC was obtained as 1.2 mgTOC/ mgH 2 O 2 from Figure 4(B) as mentioned before. Thus, 5.3 mg/L of M app and 0.12 of were obtained. Figure 6 shows that the comparison between calculation and experimental results of TOC removal for the verification of the concept shown in Figure 5 . Good agreement was obtained. 5.3 mg/L of M app was obtained from the experimental result in Run 3-3 as well. 5 mg/L of hydrogen peroxide under the ozone gas condition of 50 mg/L and 50 mL/min (0.028 m 3 /(m 2 Á min.)) is an optimum condition.
From the experimental results in Run 5, 6.7 to 8.1 mg/L of hydrogen peroxide is an optimum condition under the sets of ozone gas condition of 100 mg /L and 50 mL/min. (0.028 m 3 /(m 2 Á min.)), and 50 mg/L and 100 mL/min. hydrogen peroxide concentration was evaluated against the apparent transferred rate of ozone in Figure 7 . Mass transfer coefficients K L a of 0.12 and 0.23 (1/min.) at gas flow rates of 50 mL/min. and 100 mL/min. were derived from Mizuno (2005) . And Tsuno (1993) summarized and showed that there was a good relationship between K L a (1/min.) and the gas flow rate across the cross-sectional area (m 3 /(m 2 Á min.)). We can conclude that when the concentration of supplied ozone gas, and K L a or the gas flow rate across the cross-sectional area of supplied ozone gas are higher and larger, the appropriate hydrogen concentration can be higher.
Applicability of a Sequential Ozonation and Multi-Stage Ozone/Hydrogen Peroxide Process for the Removal of Organic Compounds from Pre-coagulated Sewage
A sequential ozonation and multi-stage O 3 /H 2 O 2 shown in Figure 8 is proposed to attain the good performance of organic removal based on two findings mentioned above; to remove the readily reactive organic compounds with ozone before the application of O 3 / H 2 O 2 and to avoid the addition of excess hydrogen peroxide. Ozonation is firstly carried out to remove the readily reactive organic compounds with ozone and then multistage O 3 /H 2 O 2 follows to remove the remaining soluble organic compounds effectively under the optimum condition of hydrogen peroxide concentration. Ozonation was conducted until dissolved ozone was detected, and multistage O 3 /H 2 O 2 was subsequently carried out for 15 min. per each stage. 5 stages of sequential O 3 /H 2 O 2 were repeated at most under the semi-batch operation.
Profiles of T-COD Cr , TOC, ATU-BOD 5 , NOx, DO 3 and H 2 O 2 during the treatment are shown in Figure 9 . As for organic compounds, the concentrations of T-COD Cr , TOC and ATU-BOD 5 were dramatically decreased from 80 mg/L, 29 mgC/L and 31 mg/L to less than 7 mg/L, 6 mgC/L and 5 mg/L, respectively, after total treatment time of 79 min. The concentration of NOx was slightly increased from 0.3 to 3.5 mgN/L against the initial ammonium nitrogen concentration of 26 mgN/L, as the reaction rate constants of NH þ 4 (pK a = 9.3) with ozone as well as hydroxyl radical are very low or almost zero (Hoigne´and Bader, 1978) . The amount of H 2 O 2 consumed was gradually increased. This is because organic compounds which are competitors to H 2 O 2 with ozone are decreased, hence the amount of ozone which reacts with H 2 O 2 is gradually increased. And also radical chain reaction may be accelerated due to the depletion of organic compounds which inhibit radical chain reaction. Dissolved ozone concentration after 15 min. in each stage was in the range from 1 to 3 mg/L and was once increased and then decreased through the stage. In the former stage, although readily reactive organic compounds are removed, remaining organic compounds may react with ozone. In the latter stage, due to the promotion of radical chain reaction which involves the reaction of ozone, the concentration of dissolved ozone may be lower.
Transformation of Organic Compounds Properties
Relationship between COD Cr and TOC is shown in Figure 10A concentration as illustrated in Figure 10B . This figure shows that the ratio of TOC/COD Cr increases with the decrease of organic compounds and the ratio is getting larger sharply at around 30 mg/L of COD Cr . This is because COD Cr is removed rapidly and TOC is removed slightly at the beginning of ozonation, namely the oxidation of organic compounds occurs first and then mineralization of organic compounds appears. Figure 11 shows the relationship between COD Cr concentration and UV 254 value, and between the removal amount of COD Cr and that of UV 254 during the treatment. When COD Cr concentration and UV 254 value are higher, namely at the beginning of ozonation and O 3 /H 2 O 2 , UV 254 seems to decrease with the decrease of COD Cr . But the removal amount of UV 254 was getting smaller during the treatment. The good linear relationship between the removal amount of COD Cr and that of UV 254 (DUV 254 /DCOD Cr = 0.0036, R 2 = 0.588, UV 254 < 0.11 1/cm) was observed until the amount of COD Cr removed was 30 mg/L and the amount of UV 254 decreased was 0.11 (1/cm). This result shows that UV 254 is likely to an alternative indicator of COD Cr while ozone is consumed by organic compounds rapidly at the beginning of ozonation and O 3 /H 2 O 2 .
Carboxylic acids such as formic acid, acetic acid and oxalic acid were determined as well as T-COD Cr , TOC and ATU-BOD 5 . Figure 12 shows examples of profile of three carboxylic acids during the treatment in Run 6-2 and 6-3. The concentration is expressed as carbon concentration and ''unknown'' represents organic compounds except for these three carboxylic acids. The accumulation of organic acids was observed and in particular formic acid and oxalic acid were formed during O 3 /H 2 O 2 . The removal of unknown compounds was observed as well. Consequently, the ratio of carboxylic acids to TOC was getting higher and reached around 0.5.
All the results were analyzed for the evaluation of the ratio of carboxylic acids to TOC as a function of TOC and that of the removal amount of TOC as shown in Figure 13 . The ratio of carboxylic acids to TOC of precoagulated samples was in the wide range from 0.07 to 0.27 under the concentration of TOC from 20.6 to 28.4 mgC/L. As TOC was removed, the ratio was increasing to around 0.5 and reached a plateau.
Relationships between the removal amount of unknown compounds and those of TOC and carboxylic acids were examined in Figure 14 . TOC was removed as unknown organic compounds were disappeared and 70% of unknown organic compounds was apparently removed as carbon dioxide with 30% of accumulation of carboxylic acids.
When ozone is applied to remove organic compounds, the enhancement of biodegradability is one of the issues. Although BOD 5 was slightly increased at a few minutes of treatment in some cases, it was normally decreased as a function of time or stage in many cases in this study. The relationship between the concentrations of COD Cr and BOD 5 was summarized in Figure 15A . Totally we can conclude that the concentration of BOD 5 was decreased with the removal of COD Cr . Then the ratio of ATU-BOD 5 to COD Cr was evaluated in Figure 15B . The ratio was getting higher to around 0.6 $ 0.7 with the decrease of COD Cr in ozonation and O 3 /H 2 O 2 . These results show that although the amount of biodegradable organic compounds is decreased, the portion of biodegradable organic compounds to total organic compounds is increased with the decrease of COD Cr . Moreover the enhancement of the ratio is derived from the decrease of COD Cr rather than the production of BOD 5 in ozonation and O 3 /H 2 O 2 of pre-coagulated sewage in this study.
CONCLUSIONS
The applicability of a sequential process of ozonation and O 3 /H 2 O 2 for removal of organic compounds from a pre-coagulated municipal sewage was examined. Then, 6-25% of initial T-COD Cr was removed at the early stage of ozonation before the ratio of consumed ozone to removed T-COD Cr was dramatically increased. Until dissolved ozone was detected, 0.3 mgO 3 /mgTOC 0 (Initial TOC) of ozone was consumed. In the case of O 3 /H 2 O 2 , although the better removal of organic compounds than ozonation was attained in a certain reaction time, the effect of addition of hydrogen peroxide was not obvious at the beginning of treatment. This is due to the competitive reaction of highly reactive organic compounds and hydrogen peroxide to ozone. Furthermore, when the concentration of hydrogen peroxide was too high, the removal efficiency of organic compounds was depressed. 5 mg/L of hydrogen peroxide under the ozone gas condition of 50 mg/L and 50 mL/min. We can elucidate that when the concentration of supplied ozone gas, and K L a or gas flow rate across the cross-sectional area of supplied ozone gas, hence the amount of supplied ozone are larger, the appropriate hydrogen concentration can be higher. Based on two findings, such as to remove readily reactive organic compounds with ozone before the application of O 3 /H 2 O 2 and to avoid the addition of excess amount of hydrogen peroxide, a sequential process of ozonation and multi-stage ozone/hydrogen peroxide process was proposed and carried out. As a result, T-COD Cr , TOC and ATU-BOD 5 were reduced to less than 7 mg/L, 6 mgC/L, and 5 mg/L, respectively after total treatment time of 79 min. While O 3 /H 2 O 2 worked well, the removal efficiency of COD Cr and TOC of 3.8 mgCOD Cr /mgH 2 O 2 and 1.2 mgTOC/mgH 2 O 2 was attained, respectively.
Transformation of organic compounds property and removal characteristics of organic compounds during the treatment were discussed as well. The removal amount of COD Cr and UV 254 had good linear relationship until the decrease amount of COD Cr and UV 254 was 30 mg/L and 0.11 (1/cm), respectively. Because this period almost corresponded to the period when ozone was consumed rapidly by organic compounds, UV 254 would be useful for an indicator of COD Cr removal at the beginning of treatment. The accumulation of carboxylic acids such as formic acid, acetic acid and oxalic acid was observed. The ratio of carbon concentration of carboxylic acids to TOC was getting higher and reached around 0.5 finally. Removal of TOC was observed with the accumulation of carboxylic acids. When unknown organic compounds which are organic compounds except for three carboxylic acids, was removed, its 70% was apparently removed as carbon dioxide and 30% was accumulated as carboxylic acids. The portion of biodegradable COD Cr was increased as shown by the increase of the ratio of BOD/COD Cr .
Because a sequential ozonation and ozone/hydrogen peroxide process as well as coagulation are a physicochemical treatment process, it is easy to operate and they don't require long time to get stability of treatment like the acclimation of micro organisms. The sequential process of pre-coagulation, ozonation and O 3 /H 2 O 2 is a promising technology to remove organic compounds in sewage as not only an alternative technology of existing activated sludge process but also decentralized system of sewage treatment and/or sewage treatment system dealing with small amount of water.
